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Although sharks thrive in many different kinds of habitats and evolved to fill many ecological 
niches across a wide range of habitats, these animals are characterized by the limited capability to adapt 
rapidly to future climate change. Thus, the objective of the present dissertation was to analyze the 
potential impact of seawater acidification (OA, high CO2 levels ~1000 µatm) on the early development 
and physiology of the temperate shark Scyliorhinus canicula. More specifically, we evaluated OA 
effects on: i) development time and first feed, ii) Fulton condition of the newborns, iii) survival, iv) 
routine metabolic rate (RMR), v) maximum metabolic rate (MMR), and vi) aerobic scope (AS). The 
duration of embrygenesis ranged from 118 to 125 days, and after hatching, the mean number of days to 
start feeding (i.e. first feeding) varied between 4 and 6 days. In both endpoints there were no significant 
differences among treatments (i.e. normocapnia and hypercapnia; p >0.05). Juvenile survival (after 150 
days post-hatching) also did no change significantly under high CO2 levels (p >0.05). Regarding energy 
expenditure rates and aerobic window, there were no significant differences in RMR, MMR, and AS 
among treatments (p-value > 0.005). In the overall, we argue that these findings are associated to the 
fact that S. canicula is a benthic, cosmopolitan and temperate shark usually exposed to great variations 
of abiotic factors, like those experienced in the highly-dynamic western Portuguese coast (with seasonal 
upwelling events). Although the present dissertation only investigated acclimation processes, it is 
plausible to assume that this shark species will not be greatly affected by future acidification conditions.  
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 Embora os tubarões proliferam em múltiplos habitats e evoluíram de modo a poder ocupar 
diversos nichos ecológicos, estes peixes têm uma capacidade adaptativa limitada associada às suas 
estratégias reprodutivas (e.g. maturação sexual tardia, baixa fecundidade) e de vida (e.g. longevidade 
elevada). Neste contexto, é de extrema importância analisar os possíveis impactos da acidificação (pCO2 
~1000 µatm) na ontogenia inicial (desenvolvimento e fisiologia) do tubarão temperado pata roxa 
(Scyliorhinus canicula). Mais especificamente, nesta dissertação avaliou-se os efeitos da acidificação 
no: i) tempo de desenvolvimento (i.e. duração da embriogénese) e primeira alimentação, ii) índice de 
condição Fulton (dos recém-nascidos), iii) sobrevivência, iv) taxa metabólica basal (RMR), v) taxa 
metabólica máxima, (MMR) e vi) taxa metabólica normal (AS). A duração do desenvolvimento 
embrionário variou entre 118 a 125 dias. Após a eclosão, a média de número de dias para o começo da 
alimentação (i.e. primeira refeição) variou entre 4 a 6 dias. Em ambos os resultados não houve uma 
diferença significativa entre tratamentos (i.e. normocapnia e hipercapnia; p>0.05). A sobrevivência 
juvenil (150 dias depois de eclodirem) também não variou significativamente com os níveis de CO2 
mais elevados (p>0.05). Quanto às taxas metabólicas e performance aeróbica, também não houve 
diferenças significativas nos RMR, MMR e AS (p-value >0.005). Em suma, estes resultados sugerem 
que esta espécie bentónica é resiliente a condições de hipercapnia, o que poderá estar relacionado com 
o facto destes organismos estarem recorrentemente expostos a grandes variações abióticas na costa 
ocidental portuguesa (e.g. variações térmicas e de pH associados à sazonalidade do sistema de 
afloramento). Assim sendo, esta espécie de tubarão temperado não parece vir a ser afetada pelas 
condições de acidificação dos oceanos projetadas para o final deste século. 
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I.1 Carbon dioxide, carbonate chemistry and ocean acidification 
The exponential expansion of human activities is threatening marine diversity at a global scale 
(Dulvy et al. 2014). There are clear evidences that human impacts over the past ten millennia have 
profoundly and permanently altered biodiversity (Hoffmann et al. 2010). More recently, and over the 
past 250 years, atmospheric carbon dioxide (CO2) levels increased nearly 130 ppmv (parts per million 
volume), from the preindustrial period, 280 ppmv, to 2018, approximately 410 ppmv (NOAA, 2018) 
(see Fig. 1). Due to, a constant natural resource overexploitation and the use of human fossil combustion 





This rate of CO2 increase is at least an order of magnitude faster than has occurred for millions 
of years, and therefore the current CO2 levels are considered to be the highest concentration on the Earth 
for at least the past 800,000 years (Doney and Schimel 2007; Lüthi et al. 2008). Climate projections are 
crucial in order to understand possible future impacts and create adaptations assessments. The 
Representative Concentration Pathways (RCPs) describe four different 21st century pathways of 
greenhouse gas (GHG) emissions and atmospheric concentrations, air pollutant emissions and land use. 
They include a stringent mitigation scenario (RCP2.6), where the global annual GHG emissions peak 
happens between 2010–2020, with emissions declining substantially thereafter; two intermediate 
scenarios (RCP4.5 and RCP6.0), where the emissions peak happens in 2040 and 2080, respectively, and 
Figure 1 - a) Atmospheric CO2 concentration from 1960 to 2020. The red curve represents the direct measurements of 
CO2 in the atmosphere. The black line represents the seasonally correct data.; b) Atmospheric CO2 concentration from 2014 to 
2019. Red line with diamonds symbols represents the monthly mean values, centered on the middle of each month. The black 
line with the squares represents the equivalent, after correction for the average season cycle. Adapted from NOAA, (2018). 
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then decline; and one scenario with very high GHG emissions (RCP8.5), where emissions continue to 
rise throughout the 21st century (see Fig.2).  
 
Figure 2 – Atmospheric CO2 projections for the four representative concentrations pathways (RCPs). Dashed line 
indicates the pre-industrial CO2 concentration. Adapt from IPCC, (2018).   
 
Both in the air and in surface waters the CO2  concentration tend to reach to an equilibrium 
(Pörtner, Langenbuch, and Reipschläger 2004b). It is inevitable to discuss the anthropogenic CO2 
increase rate and the ocean role without referring the carbonate system. Seawater carbonate chemistry 
is governed by a series of abiotic chemical reactions and biologically mediated reactions. For the 
chemical reactions, we have CO2 dissolution and the acid/base chemistry and biologically reactions,  
photosynthesis, respiration, and CaCO3 precipitation and dissolution, which depend on the stability of 
abiotic parameters such as ocean temperature and alkalinity (Feely, Doney, and Cooley 2009). Is this 
flux between, air-sea, that maintain the right equilibrium in the carbon chemistry and allows the 
environment to experience the ideal conditions for all the ecological and biological processes to take 
place (Munday 2014). Seawater carbonate chemistry is governed by a series of chemical reactions: 
CO2(atmos) ↔ CO2(aq) + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔ 2H+ + CO32- 
After gas intake in the ocean surface, the CO2 initiate a series of chemical reactions. This 
atmospheric compound reacts with a water molecule (H2O) to produce carbonic acid (H2CO3). 
Subsequently, H2CO3 dissociate with a release of a hydrogen ion (H+) to form bicarbonate (HCO3-). 
Lastly, HCO3- dissociate into carbonate (CO32-) yet with the release of 2 H+ to ocean (Doney et al. 2009). 
These seawater chemical reactions are reversible and close to the equilibrium (Millero et al. 2006). 
Oceans have absorbed approximately half of all anthropogenic CO2 emissions to the atmosphere 
due to their large volume and capacity to buffer CO2 seawater, which represents more than 120 GT  
(GigaTon) of Carbon in total or 440 GT CO2 within the last 200 year as was mentioned before (see fig.1) 
(Sabine et al. 2004). Buffering atmospheric CO2 is one of the many ocean functions. Other examples 
where ocean provides determinant contribution is in the global warming, precipitation patterns, global 
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weather patterns, global climate with the marine photosynthetic organism, heat storing ability, regional 
climate, and others Earth’s processes.  
Ocean acidification (OA) is related to the decrease in pH over an extended period, typically 
decades, caused primarily by the uptake of CO2 from the atmosphere (Gattuso et al. 2011). It will take 
more than ten thousand years for the ocean chemistry returns to a scenario that happened in the pre-
industrial period, about 200 years ago (Elderfield et al. 2005). 
 
 
Figure 3 - The fate of atmospheric CO2 as it exchanges into the oceans at the air-sea interface and becomes part of 
the aqueous carbonate system. The carbonate equilibrium equations are shown (left) and the concentrations (µmol kg-1) of the 
dissolved inorganic. Adapted from Koch et al., (2013). 
 
Oceans water surface has already acidified by an average of 0.1 pH units from pre-industrial 
levels. Surface water pH reductions could range from 0.2 units if 1,200 GT C (1 GT = 1015 g) are 
released over 1000 years to nearly 0.8 units if 5,000 GT C are released over 200 years. Projections based 
on two different scenarios (RCP 2.6 and RCP 8.5) reveal 2 outcomes. For RCP 2.6 (emissions declining 
substantially after 2020) is shown an ocean pH stabilization throughout the years. For the second 
scenario and more drastic, RCP 8.5 (continues growth of CO2 emissions throughout the 21st century) 





Figure 4 – Global ocean surface pH from 1950 to 2100 with the 2 possible RCP scenarios. The purple line 
represents the RCP 2.6 scenario which assumes a global annual GHG emissions (measured in CO2-equivalents) peak between 
2010-2020, with emissions declining substantially thereafter; And the orange line represents the RCP 8.5 scenario which 
assumes a continues growth throughout the 21st century. Adapted from EEA, (2018) 
 
There is an considerable interest in understanding how the projected changes in carbonate 
chemistry will affect marine species, communities, and ecosystems (Kroeker et al. 2013). Due to a 
reduction in biodiversity caused by the loss of sensitive species that play essential roles in energy flow 
(i.e. food web function) or other processes (e.g. ecosystem engineers), significant and rapid 
environmental changes are expected to decrease the stability and productivity of the ocean, therefore, 
these predicted changes could lead to profound ecological shifts in marine ecosystems (Cardinale et al. 
2006; Kroeker et al. 2010). OA has been shown to affect marine organism’s survival, physiology, 
behaviour, life history and development. However, physiological responses among taxa have been 
demonstrated to be extremely variable (Christen et al. 2013). The relative differences in sensitivity to 
ocean acidification within groups of organisms are likely to lead to changes in community structure, 
diversity, dynamics and functions, ultimately leading to changes in ecosystem functions (Medina et al. 
2007; Pelejero et al. 2010).  
 
I.2 Ocean acidification effects in the marine biota 
I.2.1 Calcification processes 
Susceptibility to calcification is an important issue that cause divergent biological responses to 
ocean acidification. This issue may be especially sensitive because the carbonate system affects directly 
the deposition and dissolution rates of the CaCO3 used for structures (Gattuso and Buddemeier 2000). 
Calcifying organisms exert a variable degree of control over biomineralisation, which involves a 
constant ion movement flux in and out of a calcification compartment isolated, passively or actively, 
from ambient seawater (Dove et al. 2003). Reduced calcification rates are observed following 
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acidification for a variety of calcareous organisms even when aragonite or calcite (saturation state) Ω > 
1.0 (Kleypas et al. 2006;  Fabry 2008). 
A series of chemical reactions is started when CO2 is absorbed by seawater: 
ꭥ = ([𝐶𝐴 ][𝐶𝑂 ])/𝐾∗  
Where the Ω is the calcium carbonate saturation; 𝐾∗  is the stoichiometric solubility product for 
CaCO3and [Ca2+] and [CO32-] are the in-situ calcium and carbonate concentrations, respectively. The 
final products of these reactions are an increase in hydrogen ion concentration (H+), which lowers pH 
(acid water), and a reduction in the number of carbonate ions (CO32-) available. This decrease in 
carbonate ion concentration also leads to a reduction in calcium carbonate saturation state (Ω), which 
has significant impacts on marine calcifiers, i.e. organisms that construct shells and skeletons from this 
mineral (Guinotte and Fabry 2008a; Ries et al. 2009a). 
Marine calcifiers are among the most sensitive to pH changes, because they highly depend on 
the mineral form of CaCO3, with the solubility and susceptibility increasing from low-magnesium calcite 
to aragonite and high-magnesium calcite (Morse et al. 2006; Ries et al. 2009b). The secretion of CaCO3 
skeletal structures is widespread across animal phyla and evolved independently and repeatedly over 
geologic time since the late Precambrian period (Knoll 2003). However, some species may have the 
capacity to control pH near calcification sites bellow differing external conditions and thereby may 
possess better equipped to deal with OA. There will always be “winners”, organism better adapted to 
new and change abiotic conditions, and the “losers”, where the stress factors are not favourable for their 
ecological and  physiological conditions (Kroeker et al. 2010). 
I.2.2 Behaviour 
To predict the detrimental impact of OA on animal behavior is essential understand the 
mechanisms by which sensory and behavioral responses to environmental cues become modified by 
exposure to CO2-enriched conditions. Sharks are organisms with superior sensorial structures when 
compared to teleost fishes, and their specialized structures related to olfactory and electroreceptor 
systems need to be working effectively to perform the daily basis routines such as prey detection and 
navigation (Gardiner et al. 2014). According to Rosa et al. (2017), sharks behaviour is affected by 
warming and water acidification. From hunting behaviour to absolute lateralization, these organisms 
have showed that their sensorial capabilities and swimming performance are significantly affected under 
climate change (Dixson et al. 2015; Green and Jutfelt 2014).   
 The wide range of behavioral responses to OA observed in marine teleosts have been attributed 
to the relationship acid-base regulation, high CO2 environment and the function of the GABA-A 
receptor, the primary inhibitory neurotransmitter receptor in the vertebrate brain (Rosa, Rummer, and 
Munday 2017). This GABA-A receptor is structure that allow ion movement (CL2 and HCO3) through 
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a membrane resulting in a hyperpolarization or depolarization. Under normal condition ion inflow leads 
to membrane hyperpolarization and inhibited neural activity. Under acidification scenarios, marine 
teleosts have a regulator capacity that implies make regulatory adjustments in blood and tissues that 
affect such transmembrane gradients in some neurons. Regarding this CO2 high scenario, GABA-A 
receptors became depolarizing and excitatory, resulting in behavior impairments. This same mechanism 
situation is applied to sharks. They possess the same receptors (GABA-A) and accumulate HCO3 from 
the environment in exchange for Cl2 from the body to buffer eventual pH disturbance (Heuer and Grosell 
2014b; Rosa, Rummer, and Munday 2017) 
Thus, sensorial biology is affected directly with OA, and shark behaviour that depend on 
olfactory, audition and other mechanism will also be possibly impacted negatively under OA. 
I.2.3 Physiology and metabolism 
Metabolism is a crucial component of an organism’s daily energy budget and may account for 
its highest, yet most variable proportion (Lowe 2001). To sustain an efficient aerobic metabolism, O2 
intake and CO2 excretion is essential, where O2 is mandatory for maximal aerobic conversion of food to 
energy (Carrier, Musick, and Heithaus 2004). As it is known, many marine organisms show a strong 
dependency with the surrounding environment, and any abiotic variation will elicit some repercussions 
in their physiology. For instance, they are more susceptible to an increase in environmental CO2 
concentration than terrestrial animals, because of the lower pCO2 of their body fluids (Gordon and 
Donald 1996).  
Elevated CO2 partial pressures (hypercapnia) will affect the physiology of water breathing 
animals by inducing acidosis in the tissues and body fluids of marine organisms. This process called 
acidosis occurs due to elevated blood pCO2. As the pCO2 in water rises, the pCO2 in animal’s tissues 
also rises (Burnet 1997). The main reason for this equilibrium is driven by the osmotic regulation 
between the organism and the environment. Exist a continuous exchange of ions to the point that both 
parts achieved an equilibrium (Fabry et al. 2008). PH, bicarbonate, and CO2 levels within the organism 
are altered with long-term effects on metabolic functions, growth, and reproduction, all of which could 
be harmful at population and species levels (Guinotte and Fabry 2008). 
Hypercapnia can affect the organism metabolism via acid-base disturbances. Acid-base 
regulation maybe passive when it is achieved through the increase of bicarbonate ions in intra and 
extracellular space (Spicer, Raffo, and Widdicombe 2007). Organisms that have high activities of 
anaerobic metabolic enzymes, consequently, have high capacity for buffering pH (Fabry et al. 2008). 
Nonetheless, if the equilibrium organism-environment is not achieved in hypercapnia conditions, some 
studies indicate that some species show suppression in the metabolism as an adaptive strategy to survive  
(Hand 1991; Pörtner, Langenbuch, and Reipschläger 2004b). One suppression mechanism example is 
the shutting down of expensive processes, such as protein synthesis (Hand 1991).  Yet,  passive buffering 
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and shutting down processes are not suffice under chronic long-term hypercapnic scenarios (Pörtner, 
Langenbuch, and Reipschläger 2004b).  
I.3 Effects of ocean acidification in sharks 
Although sharks thrive in many different kinds of habitats and evolved to fill many ecological 
niches across a wide range of habitats, these animals are characterised by the limited capability to adapt 
rapidly to future climate change, because they display:  i) low fecundities, ii) extensive gestation periods 
(some of highest levels of maternal investments in the animal kingdom), iii) low population growth rates 
and iv) long-life span, contrary to most marine fish that evolve to a R-selected life-history strategy 
(Dulvy et al. 2014; Rosa et al. 2016).  
All these traits reduce sharks’ capacity to recover once populations are depleted. This is a 
problem in a way that the human ocean footprint is shown no signs of slowing down. Examples of 
declining shark populations have been well documented, and approximately 20% of Chondrichthyans 
species assessed by the International Union for Conservation of Nature (IUCN) are considered to be 
threatened (Chin et al. 2010). 
Due to the sharks’ evolutionary history, it was expected that these organisms should be strongly 
tolerant to high CO  levels (Rummer and Munday 2017). In fact, until recently, there was no empirical 
evidence that sharks were physiologically vulnerable to elevated CO2  (Johnson et al. 2016). Yet, 
nowadays there are several studies pointed out that shark physiology and behaviour are indeed affected 












Figure 5 - Mean effect of near-future CO2 at control and elevated temperature conditions for different biological 







I.4 Studied species: the lesser spotted shark (Scyliorhinus canicula)  
I.4.1 Distribution 
Scyliorhius canicula (Linnaeus, 1758), widely known as lesser spotted dogfish, is a small, 
temperate, bottom-dwelling marine animal (Ellis et al. 2005) This shark species is cosmopolitan with a 
geographic range from the Northeast and Eastern central Atlantic, the Shetland Islands and Norway in 
the North, to Western Africa (Morocco, Western Sahara and Mauritania to Senegal, possibly along the 
Ivory Coast) in the South, including the Mediterranean Sea. It occurs from the shore up to the uppermost 
slopes, but it is found most commonly in sandy, coralline, algal, gravel or muddy subtracts (Ellis and 
Shackley 1997).  
 
 
Figure 6 - Geographic distribution of the lesser spotted shark (Scyliorhinus canicula). 
 
I.4.2 Feeding Ecology 
S. canicula is an omnivorous, opportunistic and also a scavenger species , whose diet includes 
a variety of benthic and pelagic organisms (Olaso et al. 2005), specially crustaceans . Thus, S. canicula 
plays an essential role as a benthic predator, controlling the benthic fauna belonging to their trophic 
web. Yet, it is not considered a top predator because given its size they are part of other predators diet 
(Ellis, Pawson, and Shackley 1996) 
I.4.3 Reproduction 
Sharks display different reproductive strategies, including: i) an oviparous reproductive process 
- where female produce eggs that mature and hatch after being expelled from the body, ii) a viviparous 
process - where embryo development take place inside the parent body, eventually leading to live birth, 
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and iii) ovoviviparous system, where embryos develop inside eggs but remain in the parent body until 
they hatched. 
 S. canicula is an oviparous species and lays its eggs in a protective egg case (Fig 7). These egg 
case contributes to the embryo protection from outside threats and allows the yolk storage inside the 
case. The egg case is constructed mainly from collagen-containing fibrils with a unique crystalline 
arrangement (Iconomidou et al. 2007). 
 
 
Figure 7 - Protective egg case of the S. canicula. 
 
Gestation lasts approximately 5-11 months depending on the surrounding environment, and the 
sex ratio of recently hatched juveniles is about 1:1. Regarding the birth size, a juvenile can go from 7 to 
11 cm total length (Ellis and Shackley 1997) (see Fig.8). 
 
 





The objective of the present dissertation was to analyse the possible impacts of ocean 
acidification (OA; high 𝐶𝑂  levels ~1000 µatm) on the early development and physiology of the 
temperate benthic shark Scyliorhinus canicula. More specifically, we investigated OA effects on: i) 
development time (i.e. embryogenesis duration) and first feed, ii) Fulton condition of the new-borns, iii) 





II. Materials and methods 
II.1  Animal collection and acclimation  
Lesser spotted dogfish eggs (S. canicula) were caught between June and August 2017 from 
adults kept in our facilities (Laboratório Marítimo da Guia - Cascais, Portugal). The adults had been 
previously caught by local fisherman (using fish traps) in Figueira da Foz (Portugal). Eggs were 
suspended in a 600L recirculating aquaculture system (by the egg’s long tendrils), with a continues salt 
water flux from a storing water tank placed outside of the facilities (drip-system), at one of two 
experimental conditions until hatching: control (~400 μatm, n=28), and acidification (~900 μatm, n=11; 
Table 1). After hatching, each shark from the control was randomly assigned to one of the two 
experimental conditions: control (~400 μatm, n=14) and acidification (~900 μatm, n=14) during ~ 100 
days (post-hatching). The juveniles that hatched under OA were maintained only under that same 
condition (Fig. 9). All sharks were photograph after hatching, measured and weighted. They were fed 
between 2 to 4 time a week with squid mantle and horse mackerel in a 30-minute period (then the tank 
was cleaned to remove the remain wasted food and metabolic products). The pH values were adjusted 
automatically through a Profilux controlling system (Kaiserslautern, Germany) connected to individual 
pH probes. pH values were monitored every two seconds and downregulated by injection of a certified 
CO2 gas mixture (Air Liquid, Portugal) via solenoid valves, connected to air stones, or upregulated by 
aerating the tanks with air. Hysteresis maintained pH levels at ± 0.05 margins. To verify the tank’s pH 
and, if necessary, adjust the set points of the systems, pH was manually controlled daily with a portable 
pH probe (SevenGo pro SG8, Mettler Toledo). Seawater carbonate system speciation was calculated 
weekly from total alkalinity, measured by spectrophotometry (Shimadzu XXXXX) at 595 nm, and  pH 
measurements (Sarazin, Michard, and Prevot 1999). Total dissolved inorganic carbon (CT), pCO2, 
bicarbonate concentration and aragonite saturation were calculated using the CO2SYS software (Lewis 
and Wallace 1998), with dissociation constants from Mehrbach et al. (1973) as refitted by Dickson and 
Millero (1987). Water quality and adequate carbonate speciation were obtained using a drip-system, 
already mentioned before, fitted to the tanks, providing a daily 50% water change with new filtered and 
UV-sterilized seawater. To achieve a good quality of the other 50% daily water was used a protein 
skimmer (Schuran, Jülich, Germany), wet-dry filters (BioBalls) and 30 W UV-sterilizers (TMC, 
Chorleywood, UK). To secure the optimal temperature for the shark’s metabolism was utilised chillers 
to cool down the water and 2 heaters per tank to warm up. Temperature and salinity were monitored 
daily with a thermometer and a refractometer, respectively. To simulate the photoperiod that sharks are 
exposed in their natural environment, 12 hours light: 12 hours dark. The ammonia and nitrites levels 









Table 1 - Seawater physiochemical parameters in the two treatments: control and acidification. Alkalinity and pCO2 
values represent mean per treatment ± SD. 
 Control Acidification 
Temperature (ºC) 18 ± 0.5 18 ± 0.5  
pH 8.0 ± 0.05 7.7 ± 0.05 
Photoperiod 12h light: 12h dark 12h light: 12h dark 
Salinity 35 ± 0.5 35 ± 0.5 
Alkalinity (µmol/KgSW) 2544.2 ± 257.6 2478.7 ± 343.2 





II.2 Development, survival and condition  
During the experimental period, and immediately after egg laying, shark condition was daily 
and visually monitored. To quantify the first feed, sharks were presented with food (squid mantle and 
horse mackerel and fed to satiation) on a daily-basis immediately after hatching. Fulton condition was 
quantified at three different time periods: i) immediately after, ii) 30 days post-hatching and iii) 60 days 
post-hatching. For that, each shark was weighted (W), measured (total length – TL), and photographed. 
Each individual total length was measured using ImageJ. Fulton condition was calculated by using the 
formula: 𝐾 = × 100. 
 
II.3 Metabolism and aerobic scope 
The setup consisted on a static, intermittent flow-through respirometry system as described by 
(Clark, Sandblom, and Jutfelt 2013). Briefly, the system allowed us to combine short measurement 
periods in a recirculating, but closed, respirometer, punctuated by clean water flush periods which are 
long enough to secure that the water in the respirometer has been thoroughly exchanged to eliminate 
potential hypoxia, hypercapnia and nitrogenous waste build-up in the chamber (Forstner 1983; 
Steffensen 1989).  To assist the intermittent flow-through system it was assembled a short life support 
system, that consist in a small sump with a thermostat, a drip system to introduce constant renewed 
water, a water pump linked to a refrigerator and a U.V system, which sent water for the bath where the 
chambers were placed (to obtain a uniform temperature in all  chambers) and for a flush deposit with a 
water pump to do the water chamber renovation (Figs. 10 and 11 ). For a good accommodation and to 
reduce stress as much as possible thus allowing the animal to stay in a static position without any comfort 
limitation, the system dimension, including the chamber volume and tubing volume 
(Vchamber+Vtubing≃500ml) were defined according to the average size of juvenile S. canicula. This 
combined volume was adjusted enough to the shark and allow the oxygen sensor perform correct 
readings of each animal oxygen consumption rate without the background respiration noise interference 
(rate of bacterial respiration inside the chamber and tubbing) (Roche et al. 2013). 
Oxygen measurements were achieved by using an oxygen sensor to read the amount of dissolved 
oxygen per second. This sensor was attached to a box connected to a closed circuit from the chamber 
returning to the chamber, allowing water mixing and prevent water stratification, thus reading the 
oxygen in the water flux that was moving inside the tubing. To establish a constant flux was used small 
water pumps, each one associated with one chamber, immersed to prevent water intake, which ensured 
a continuous flow of approximately 150ml min-1. To building a closed circuit from the chamber to the 
oxygen sensor with no oxygen intake through the tubing was used Tygon tube. The fibre-optic system 
and contactless oxygen spots that were measurement the concentration of dissolved oxygen in the 
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respirometer was monitored and recorded using the pyro Oxygen Logger software. Continuous 
monitoring of oxygen concentration in the chambers was performed visually through real-time graphics 
on the computer monitor.  The entire system was submerged in a bath of oxygenated and previously 
conditioned water to the desired pH and temperature levels (fig.10). For the pH maintenance during an 
experimental run, it was installed in the system a Profilux linked to a pH probe. With the injection of 
CO2 directly in the sump through an air stone, it was possible to achieve acidification scenarios. The pH 
probe, for a better accuracy detecting pH fluctuations, was placed in the sump close to the air stone. 
 
 
Figure 10 - General respirometry setup for S. canicula. Legends: A) flush deposit with a water pump; B) sump with 





Figure 11 - Schematics of the intermittent flow respirometry system used for the assessment of oxygen 
consumption rates in S. canicula. Legends: F) “Firesting” – fibre-optic oxygen meter; G) oxygen sensor; H) water pumps; I) 
Flush deposit; Black arrows represent the flux. 
To collect the data concerning MMR and RMR was elaborated a detailed protocol to follow 
strictly. Before each run all the system (chambers, tubbing and life support system) was clean and 
disinfected with hydrogen peroxide in order to remove any bacterial residue, then to remove the cleaning 
product from the system (has negative implications in sharks) the system was filled with fresh water and 
left circulating for an extended period of time. After this cleaning process, the system was filled with 
salt filtered water and all the sensors were calibrate, the chambers checked for any sealing problem and 
the life support system reviewed to ensure the absence of water leaks. Each shark was gently introduced 
into a circular tank with salt water from the respective treatment, following by a 10 to 15 minutes chase 
by hand (tail grabbing and air exposure for shorts periods of time) to increase fast the metabolism rate 
thus achieving a metabolic point called maximum metabolic rate.  All the sharks submitted to this 
experimental test passed through a 2 days starvation in order to eliminate any digestion trace that could 
bias the data. When sharks showed evident exhaust signals before the 10 minutes, were transported to 
the chamber to initiate the oxygen consumption reading. At this point, sharks were left isolated inside 
the respective chambers to recovered from the chase process and left as well overnight to achieve the 
lowest metabolic rate possible. Tests were conducted under the normal circadian period in an isolated 
room with a video vigilance camera to certificate the shark’s welfare. The oxygen consumption reading 
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started with a 30-minute measurement period with the chamber sealed following a 5-minute flush with 
oxygenated renew water from the flush deposit. Each flush ensured that O2 levels inside the chamber 
returned to start values and that they never fell below 80% air saturation levels (Clark, Sandblom, and 
Jutfelt 2013). A total of 20 individuals (7 sharks from control-control; 6 sharks from control-
acidification; 7 sharks from acidification-acidification) were sampled using this methodology.  
After each experimental run, the metabolic data correspondent to each individual was analysed 
after importing the text file from the Firesting O2 software into Excel. Linear regressions between water 
oxygen concentration and time were made for each measurement period. To the routine metabolic rate, 
the 5 closest slopes to the value 0, (lowest rate of oxygen consumption) were selected and calculated the 
mean to achieve the most fitted data that correspond to the RMR. To obtain to maximum metabolic rate, 
in a 30-minute period, was collect the highest slope period achieved by the shark (highest rate of oxygen 
consumption). Collected the slopes for both RMR and MMR (mg O2 kg-1 ww h-1) according to the 
following equation: 
𝑀𝑅 =
(𝑏 × 𝑉 × 𝑡)
𝑊
 
where MR means Metabolic rate, b is the slope of the oxygen reduction curve, V is the volume 
of the respirometer minus the volume of the fish assuming that 1kg of seawater is equivalent to 1kg of 
fish (in L), t is the time interval over which O2 is assessed (in hours), and W is the wet weight of fish 
(in kg). 
As referred before, for each run, a background test (bacterial respiration) were performed in 
order to collect the data only correspondent to the shark oxygen consumption. According to the 
following equation: 
𝐵𝑐𝑘 = 𝑏 × 𝑉 × 𝑡 
Where background refers to background respiration, b is the slopes of the bacterial oxygen 
consumption, V is the volume of the respirometer (in L), t is the time interval over which O2 is assessed 
(in hours). After the assessment of the background data, such value was subtracted to the metabolic rate 
data to remove the bacterial respiration from the shark oxygen consumption thus obtaining the exact 
maximum and routine metabolic rate of each shark. The data correspondent to the aerobic scope was 
obtained by the difference between minimum and maximum oxygen consumption rate (Clark, 





III. Statistical analyses 
After data exploration, OA effects were analysed using Generalized Linear Mixed Models 
(GLMMs; according to Zuur et al., 2010). Selection for best model was made using the Akaike 
Information Criterion (AIC). Poisson distribution (or negative binomial when overdispersion was 
observed) to count data, Gamma or Gaussian distribution was used for continuous data. Model 
assumptions, namely independence and absence of residual patterns, were verified by plotting residuals 
against fitted values and each covariate in the model. A survival analysis was used to compare the 
survival rate (right-censored data) between treatments. All statistical analyses were performed for a 
significant level of 0.05.  Statistical analysis was performed in R (R Core Team, 2017), the package 
“lme4”(Bates et al. 2015)  was used for fitting GLMMs, the packages “survival”(Therneau 2014) and 
“survminer”(Kassambara and Kosinski 2018)  were used for the survival analyses and data exploration 






IV.1 Development, fitness and survival  
Regarding the duration of embryonic development (Figure 12), it ranged from 118 to 125 days 
but was not significantly affected by acidification – OA (see Table 2, P-value > 0.005).  
 
 
Figure 12 - Development time (days) of shark’s embryos (Scyliorhinus canicula) under control (n= 14) and 
acidification (n= 24) conditions.  
 
Table 2 - Results of the Generalized Linear Mixed Models (GLMM) analysis comparing the control and 
acidification treatments for embryo development time. Values of p<0.05 are shown in bold. 
Model: GLMM (Gaussian distribution) Response variable: embryo development time 
Final model term(s): Principal effects treatment  Random effect: Replicate 
Reference level: Treatment - A Estimate Std. Error z-value p 
(Intercept) 4.82 0.03 177.75 <2E-16 





After hatching, the mean number of days to start feeding (i.e. first feeding) varied between 4 
and 6 days, and again there were no significant differences among the treatments (Table 3, P-value > 
0.005). 
 
Figure 13 - First feed (in days) of S. canicula new-borns exposed to control (c-c: control to control; n = 13) and 
acidification conditions (c-a: control during embryogenesis and acidification after hatching, n = 13; a-a: acidification during 
embryogenesis and after hatching, n = 10). 
 
Table 3 - Results of Generalized Linear Mixed Models (GLMM) analysis for the First feed under control (c-c: 
control to control) and acidification conditions (c-a: control during embryogenesis and acidification after hatching; a-a: 
acidification during embryogenesis and after hatching). Values of p<0.05 are shown in bold. 
Model: GLMM (Gaussian distribution) Response variable: First feed 
Final model term(s): Principal effects treatment  Random effect: Shark ID and Replicate 
Reference level: Treatment - CC Estimate Std. Error z-value p 
(Intercept) 2.22 0.20 11.08 <2E-16 
Treatment AA -0.39 0.30 -1.30 0.19 
Treatment CA -0.51 0.29 -1.76 0.07 
Reference levels: Treatment - AA Estimate Std. Error z-value p 
(Intercept) 1.83 0.23 7.86 3.97E-15 
Treatment CA 0.39 0.30 1.30 1.94E-01 




 Juvenile survival was analysed throughout 150 days post-hatching under three different 
treatments (Fig. 14). There was a clear decrease in survival after ~50 days under the C-C and CA 
treatments, and around ~100 days under A-A. Yet, no significant statistical differences were observed 
among treatments (Table 4). 
 
 
Figure 14 - Survival probability through time (days) for the 3 treatments of the juvenile sharks (Scyliorhinus 
canicula). Legend: c-c: control to control; c-a: control during embryogenesis and acidification after hatching; a-a: 
acidification during embryogenesis. 
 
Table 4 - Results of Generalized Linear Mixed Models (GLMM) analysis for the survival of S. canicula juveniles. 
Survival 
Treatments N Observed Expected (O-E)^2/E (O-E)^2/V 
AA 11 4 5.55 0.4319 0.6755 
CA 14 6 4.83 0.2823 0.4134 
CC 14 6 5.62 0.0257 0.0403 





Concerning to Fulton condition (Fig. 15), there was an accentuated drop throughout the entire 
experimental period. Nonetheless, the two treatments that comprised the embryogenesis under control 
conditions (c-c and c-a) always displayed greater values. Significant differences were obtained among 



























Figure 15 - Fulton condition index comparison between treatments in 3 life stages (hatch moment, 30 
days post-hatching, 60 days post-hatching). 
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Table 5 - Generalized Linear Mixed Models (GLMM) analysis results for the interaction between the 3 treatments 
with time for the sharks Fulton condition. Values of p<0.05 are shown in bold. 
Model: GLMM (Gaussian distribution) Response variable: Fulton condition index (K) 
Final model term(s): Principal effects treatment * time Random effect: Shark ID and Replicate 
Reference level: Treatment - CC Estimate Std. Error t-value p 
(Intercept) 0.28 0.01 21.46 <2E-16 
Treatment AA -0.06 0.02 -3.29 1.99E-03 
Treatment CA -0.01 0.02 -0.50 0.62 
Days 0.00 0.00 -4.77 2.84E-05 
Treatment AA × Days 0.00 0.00 2.23 0.03 
Treatment CA × Days 0.00 0.00 0.44 0.66 
Reference levels: Treatment - AA Estimate Std. Error t-value p 
(Intercept) 0.22 0.01 16.80 <2E-16 
Treatment CA 0.06 0.02 3.29 1.99E-03 
Treatment CC 0.05 0.02 2.65 0.01 
Days 0.00 0.00 -1.63 0.11 
Treatment CA × Days 0.00 0.00 -2.23 0.03 







As observed in Figure 16, there were no significant differences in routine metabolic rates (RMR) 




Figure 16 - Routine metabolic rates (RMR; mg O2 Kg-1 ww h-1) of juvenile sharks (Scyliorhinus canicula) under 
control (c-c: control to control; n=7) and acidification conditions (c-a: control during embryogenesis and acidification after 
hatching; n=6; a-a: acidification during embryogenesis and after hatching; n=7) 
 
Table 6 - Results of Generalized Linear Mixed Models (GLMM) analysis for the routine metabolic rates (RMR mg 
O2 Kg-1 ww h-1) of juvenile sharks (Scyliorhinus canicula) exposed to control (c-c: control to control) and acidification 
conditions (c-a: control during embryogenesis and acidification after hatching; a-a: acidification during embryogenesis and 
after hatching).. Values of p<0.05 are shown in bold. 
Model: GLMM (Poisson distribution) Response variable: Routine Metabolic Rate 
Final model term(s): Principal effects treatment  Random effect: Shark ID and Replicate 
Reference level: Treatment - CC Estimate Std. Error t-value p 
(Intercept) 0.47 0.11 4.16 8.42E-04 
Treatment AA -0.52 0.17 -0.31 0.76 
Treatment CA -0.05 0.17 -0.27 0.79 
Reference levels: Treatment - AA Estimate Std. Error t-value p 
(Intercept) 0.42 0.12 3.42 3.78E-03 
Treatment CA 0.05 0.17 0.31 0.76 





As observed for the RMR, the maximum metabolic rate (MMR) also did not significantly 
change among treatments (Fig. 17) (see Table 7, p-value > 0.005). 
 
  
Figure 17 - Maximum Metabolic Rates (MMR; mg O2 Kg-1 ww h-1) of juvenile sharks (Scyliorhinus canicula) under control 
(c-c: control to control; n=7) and acidification conditions (c-a: control during embryogenesis and acidification after hatching; 
n=6; a-a: acidification during embryogenesis and after hatching; n=7). 
Table 7 - Table 7 – Results of Generalized Linear Mixed Models (GLMM) analysis for the maximum metabolic 
rates (MMR; mg O2 Kg-1 ww h-1) of juvenile sharks (Scyliorhinus canicula) exposed to control (c-c: control to control) and 
acidification conditions (c-a: control during embryogenesis and acidification after hatching; a-a: acidification during 
embryogenesis and after hatching).. Values of p<0.05 are shown in bold. 
Model: GLMM (Poisson distribution) Response variable: Maximum Metabolic Rate 
Final model term(s): Principal effects treatment  Random effect: Shark ID and Replicate 
Reference level: Treatment - AA Estimate Std. Error t-value p 
(Intercept) 1.87 0.13 14.57 <2e-16 
Treatment AA -0.16 0.19 -0.87 0.39 
Treatment CA -0.14 0.18 -0.79 0.43 
Reference levels: Treatment - CC Estimate Std. Error t-value p 
(Intercept) 1.73 0.13 13.45 <2e-16 
Treatment CA 0.14 0.18 0.79 0.43 





The results for the Aerobic Scope (AS) are showed in Figure 18. Again, a non-significant OA 
effect was detected among treatments (Table 8, p-value > 0.005).  
 
  
Figure 18 - Aerobic Scope (mg O2 Kg-1 ww h-1) of juvenile sharks (Scyliorhinus canicula) under control (c-c: 
control to control; n=7) and acidification conditions (c-a: control during embryogenesis and acidification after hatching; n= 6; 
a-a: acidification during embryogenesis and after hatching; n=7). 
 
Table 8 - Results of Generalized Linear Mixed Models (GLMM) analysis for the aerobic scope (AS; mg O2 Kg-1 
ww h-1) of juvenile sharks (Scyliorhinus canicula) exposed to control (c-c: control to control) and acidification conditions (c-
a: control during embryogenesis and acidification after hatching; a-a: acidification during embryogenesis and after hatching).. 
Values of p<0.05 are shown in bold. 
Model: GLMM (Poisson distribution) Response variable: Aerobic Scope 
Final model term(s): Principal effects treatment  Random effect: Shark ID and Replicate 
Reference level: Treatment - AA Estimate Std. Error t-value p 
(Intercept) 0.19 0.04 5.49 3.92E-08 
Treatment AA 0.01 0.05 0.17 0.87 
Treatment CA 0.00 0.05 1.19 0.23 
Reference levels: Treatment - CC Estimate Std. Error t-value p 
(Intercept) 0.20 0.04 5.43 5.58E-08 
Treatment CA -0.01 0.05 -0.17 0.87 






Climate change and other human-related pressures are profoundly impacting the world’s ocean, 
with substantial consequences for marine ecosystems. If the change is gradual, organisms can acclimate 
and/or adapt. Better-adapted species replace those that cannot cope with the new conditions. If change 
is much faster than the rate of evolutionary adaptation, mass extinction can occur (Miller et al. 2018). 
Although shark physiology is known to be affected by ocean acidification (Rosa, Rummer, and Munday 
2017), the present findings with S. canicula highlight the notion that such impact may be species-
specific. In fact, this dissertation showed that this temperate benthic species has the ability to tolerate 
high CO  levels without compromising its early development and associated physiological performance. 
Regarding embryonic development time, and similar to previous studies with tropical benthic 
sharks (see Rosa et al. 2014), S. canicula revealed no significant differences between normocapnic and 
hypercapnic treatments. One may argue that such result is linked to some adaptive capacity to tolerate 
high CO2 levels inside an egg capsule throughout the entire embryogenesis. Additionally, high CO2 
levels was not capable to impact negatively the juvenile survival of S. canicula during 150 days under 
the different experimental conditions. Similar results were obtained by Green and Jutfelt (2014) with 
the same species. In contrast, a study performed with tropical reef fishes showed that it is possible to 
increase mortality within acidified water, yet the authors used as study species Cardinal fishes. A group 
with a considerable phylogenetic distance from sharks (Munday, Crawley, and Nilsson 2009a). These 
authors also investigated OA effects (namely short-term acclimation only during juvenile stage) on S. 
canicula and found no differences in shark’s fitness (i.e. Fulton condition). Similar findings were 
observed here after 30- and 60-days post-hatching, but not at 0 days (i.e. at hatching). At such point of 
development, juveniles that spent their entire embryogenesis under control conditions revealed higher 
Fulton condition values (Fig. 15, hatch). Yet, such enhanced condition was not translated in survival 
success (Fig. 14). In fact, the rate of decrease in shark condition was much greater at control conditions 
after hatching (see respective model in Annex, Fig.19), which may explain the survival differences 
among treatments. Thus, OA seemed to play a greater negative effect in the embryos rather than in the 
juvenile stage, which follows the idea that earlier stages of development are more vulnerable to climate 
change-related stressors; (Pimentel et al. 2014; Pimentel et al. 2015; Pimentel et al. 2016; Rosa et al. 
2013; Rosa, Trübenbach et al. 2014). Nonetheless, it is worth noting that the first feed tests also revealed 
absence of OA effects, suggesting similar rates of yolk consumption throughout embryogenesis. In the 
overall, I argue that these findings are associated to the fact that S. canicula is a benthic, cosmopolitan 
and temperate shark from the Eastern Atlantic, usually exposed to great variations of abiotic factors, 
like those experienced in the highly-dynamic western Portuguese coast (with seasonal upwelling 
events). Thus, and not surprisingly, the first feed tests also revealed absence of OA effects, suggesting 
similar rates of yolk consumption throughout embryogenesis. 
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Table 9 – Summary of the available experimentally based studies in metabolic performance on the impacts of OA in cartilaginous and bony fishes. Abbreviations: C, control; T, 











C T C T C T (s). C T 





adult NA NA NA NA 28.5º-29.5º 31º; 32º; 33º 
Approx. 
60 days  
Approx. 
7 days 
AS ↓ at all treatments; 
RMR ↑ all treatments; 
MMR ↓ at 33ºC. 






adult NA NA NA NA 28.5º-29.5º 31º; 32º; 33º 
Approx. 
60 days   
Approx. 
7 days 
AS ↓ at all treatments; 
RMR ↑ all treatments; 
MMR no significant 
changes. 











AS ↓ at 31º and 
stabilized; 
RMR ↑ all treatments; 
MMR ↑ at 31º and 
stabilized. 











AS ↓ at 33º; 
RMR no significant 
changes; 
MMR no significant 
changes. 











AS no significant 
changes; 
RMR ↑ at 31º and 33º; 
MMR no significant 
changes. 







1000 – 1050 
ppm 





RMR in acidified water 
was ↑ than control at 31º; 
MMR no change with 
CO2 water and control; 
AS ≠ּ between control 
water at 29º and acidified 












pCO2 pH Temperature Acclimation period Metabolic effects References. 
C T C T C T(s). C T 
Ostorhinchus 
cyanosoma 
Coral reefs adult NA 
1000 – 1050 
ppm 





RMR in acidified water was 
↑ than control at 29º; 
MMR in acidified water 
was ↓ than control at 32º; 
AS in acidified water was ↓ 











8.11–8.17 7.84–7.89 27.3–30.6 27.5º–30.3º NA 
Approx. 
17 days 
RMR in acidified water was 
↓ than control; 
MMR in acidified water 
was ↑ than control; 
AS in acidified water was ↑ 
than control. 





































397–384 608–876 8.2 8.0-7.9 28.5 NA 60 days NA 
RMR no significant 
changes. 








401 993 8.1 7.7 12.7 NA 30 days NA 
RMR no significant 
changes; 
MMR no significant 
changes; 



















RMR no significant 
changes; 
MMR no significant 
changes. 









  ≃8.1 ≃7.7  
5; 10; 12; 




AS ↑ with increase 
temperature; 
MMR ↑ with increase 
temperature; 
RMR ↑ with increase 
temperature. 
Grans et al. 
2014 
Table 10 – 
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Regarding the metabolic physiology of S. canicula, the results showed no impact of OA in the 
RMR, MMR and AS. These findings revealed that AS response is species- specific as it can be seen in 
Table 9. Overall, the metabolic effects and the physiologic modifications differ species to species, 
moreover, the 3 metabolic components (RMR, MMR and AS) can have different behavior according to 
the stressors presented to the organisms. (Randall, Baumgarten, and Malyusz 1972) 
In this study with Scyliorhinus canicula it was not possible to observe significant changes in the 
metabolism with the sharks submitted to an acidified scenario, what is in agreement with Green and 
Jutfelt (2014). With the same species in an acidified environmental at 13º C the results showed no 
differences between the control (pH 8.1) and the treatment (pH 7.7). A possible explanation for this 
phenomenon is the fact that this species is constantly presented with oscillations in abiotic stressors, 
therefore, it was capable to develop metabolic compensation methods to contradict these variations. 
Similar results can be observe in Heinrich et al. (2014) where the RMR showed no significant results in 
a acidified scenario. Although the study species was Hemiscyllium ocellatum, a tropical, benthic and 
close phylogenetic relative characterised by having a lower metabolic rate, the results come in agreement 
with the findings in this study. Lastly, and to contradict all the studies mentioned above , in Rosa, 
Baptista, et al. (2014), the RMR study in Chiloscyllium punctatum showed a significant difference 
between the control and acidified scenarios under 30º C. These 3 studies are an example that came to 
support the statement in the first paragraph, even between Elasmobranchii, the physiologic 
modifications can differ species to species. 
In teleost fishes, the AS can be reduced, with no changes or higher in high pCO2 water, and it is 
possible that there could be similar species differences within elasmobranchs. In Munday, Crawley, and 
Nilsson (2009b) it is clear that the AS of both Cardinalfishs is lower in acidified water at 29º and 32ºC 
namely driven by the accentuated increase in RMR. In acidified water resting metabolic rate tend to 
increase motivated by the activation of compensatory methods, therefore it will be consumed extra 
energy to perform this process. In contrast, in Melzner et al. (2009) and Norin, Malte, and Clark (2014), 
there was no changes in the metabolism of both species studied. Both pelagic and high rate metabolic 
species possess a large window to support shifts in the environmental stressors. The compensatory 
methods are efficient enough to support a large interval between the critical minimum and maximum. 
To conclude, a study where the AS was higher in high CO2 water was in Rummer et al. (2013). 
Acanthochromis polyacanthus revealed a higher MMR in acidified water translating in a AS increase. 
A decrease in RMR was verified in high CO2 water, what does not come into agreement with the energy 
consumption for regulatory processes. The ion exchange occurring in the fish gills entail energy cost in 
order to counter the [H+] increase suggesting a high RMR under acidified environmental. A plausible 
justification for this outcome is the fact that in this study, environmental pCO2 is still likely to be lower 
than the plasma pCO2 of resting fish translating into non-ascent of RMR under acidification. An increase 
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in MMR in high CO2 water was linked to an increasing gill surface area to satisfy the O2 requirements, 
therefore having energy cost to osmoregulation (Randall, Baumgarten, and Malyusz 1972). 
To conclude, elevated ambient p𝐶𝑂  has been hypothesized to potentially reduce oxygen uptake 
and delivery (limiting stress) due to acidification of blood and tissue respiratory pigments, but as a 
principal feature of this temperate species, these sharks are capable of regulating intra as well as 
extracellular pH, therefore these results are quite plausible for this species (Heuer and Grosell 2014). 
Overall, the 3 metabolic parameters studied in this work were not significantly affected by a variation 
of 0.2 units in the water ph. Even in studies that submit sharks in a long-term acidification exposure, did 




Development limitations and insufficient capacity of central organs are the two main constraints 
that early life stages face under environmental stress (Pörtner, Langenbuch, and Reipschläger 2004a;  
Pörtner and Farrell 2008). It is known that high CO2 levels may drive impairments at acid-base 
regulation, calcification, and growth, among other biological traits. At a metabolic level, despite the 
short-term compensatory process to block tissues and body fluids acidosis, future OA is expected to 
affect such processes in a long-term period with cascading effects at higher levels of biological 
organization (Pörtner and Farrell 2008).  
Although the present dissertation only investigated acclimation processes, it is plausible to 
assume that this shark species will not be greatly affected by future acidification conditions. 
Nonetheless, a longer exposition period could have changed the experimental endpoints. Moreover, for 
further studies, the inclusion of a multi-stressor strategy to study future climate change in this species is 
largely welcome. The benefits of including new environmental variables into these studies will allow a 
deep research and a great knowledge increase on the future of this species regarding the future climate 
changes. The complexity and interactions between stressors will permit to produce more reasoned 
conclusion and then assess the risk and vulnerability of sharks to ocean acidification and warming, and 






Bates, D., Mächler, M., Bolker ,B., and Walker ,S.. (2015). “Fitting Linear Mixed-Effects Models 
Using Lme4.” Journal of Statistical Software 67 (1):1–48.  
Burnet, L.E.. (2015). “The Challenges of Living in Hypoxic and Hypercapnic Aquatic Environments.” 
American Zoology, 633–40. 
Cardinale, B.J., Srivastava, D.S., Duffy, J.E., Wright, J.P., Downing, A.L., Sankaran, M., and 
Jouseau, C.. (2006). “Effects of Biodiversity on the Functioning of Trophic Groups and 
Ecosystems.” Nature 443 (7114):989–92.  
Carrier, J.C., Musick, J.A., and Heithaus, M.R.. (2004). Biology of Sharks and Their Relatives. CRC 
Marine Biology Series. CRC Press. 
Chin, A., Kyne, P.M., WALKER, T.I., and Mcauley R.B.. (2010). “An Integrated Risk Assessment 
for Climate Change: Analysing the Vulnerability of Sharks and Rays on Australia’s Great Barrier 
Reef.” Global Change Biology 16 (7). Wiley/Blackwell (10.1111):1936–53.  
Christen, N., Calosi, P., McNeill, C.L., and Widdicombe S.. (2013). “Structural and Functional 
Vulnerability to Elevated PCO2 in Marine Benthic Communities.” Marine Biology 160 (8):2113–
28.  
Clark, T.D., Sandblom, E., and Jutfelt, F.. (2013). “Aerobic Scope Measurements of Fishes in an Era 
of Climate Change: Respirometry, Relevance and Recommendations.” Journal of Experimental 
Biology 216 (15):2771–82. 
Dixson, D.L., Jennings, A.R., Atema, J., and Munday, P.L.. (2015). “Odor Tracking in Sharks Is 
Reduced under Future Ocean Acidification Conditions.” Global Change Biology 21 (4). John 
Wiley & Sons, Ltd (10.1111):1454–62.  
Doney, S.C., and Schimel, D.S.. (2007). “Carbon and Climate System Coupling on Timescales from 
the Precambrian to the Anthropocene.” Annual Review of Environment and Resources 32 (1). 




Doney, S.C., Fabry, V.J., Feely, R.A., and Kleypas, J.A.. (2009). “Ocean Acidification: The Other 
CO 2 Problem.” Annual Review of Marine Science 1 (1):169–92.  
Dulvy, N.K., Fowler, S.L., Musick, J.A., Cavanagh, R.D., Kyne, P.M., Harrison, L.R., Carlson, 
J.K., et al. (2014). “Extinction Risk and Conservation of the World’s Sharks and Rays.” ELife 3 
(January). eLife Sciences Publications Limited:e00590. 
EEA, (2018). www.eea.europa.eu/data-and-maps/daviz/projected-change-in-global-ocean#tab-based-
on-external-data . 19/12/2018 
Ellis, J.R., and Shackley, S.E.. (1997). “The Reproductive Biology of Scyliorhinus Canicula in the 
Bristol Channel, U.K.” Journal of Fish Biology 51 (2). Wiley/Blackwell (10.1111):361–72.  
Ellis, J.R., Dulvy, N.K., Jennings, S., Parker-Humphreys, M. and Rogers, S.I.. (2005). “Assessing 
the Status of Demersal Elasmobranchs in UK Waters: A Review.” Cambridge University Press. 
Ellis, J.R., Pawson, M.G., and Shackley, S.E.. (1996). “The Comparative Feeding Ecology of Six 
Species of Shark and Four Species of Ray (Elasmobranchii) In The North-East Atlantic.” Journal 
of the Marine Biological Association of the United Kingdom 76 (01):89.  
Fabry, V.J., Brad Seibel, B.A., Feely, R.A., and Orr, J.C. (2008). “Impacts of Ocean Acidification 
on Marine Fauna and Ecosystem Processes.” ICES Journal of Marine Science 2008 vol: 65 (3) pp: 
414-432 
Fabry, V.J. (2008). “OCEAN SCIENCE: Marine Calcifiers in a High-CO2 Ocean.” Science 320 
(5879):1020–22.  
Feely, R.A., Doney, S.C., and Cooley, S.R.. (2009). “Ocean Acidification.” Oceanography 22 (4):36–
47.  
Forstner, H., (1983). “An Automated Multiple-Chamber Intermittent-Flow Respirometer.” In 
Polarographic Oxygen Sensors, 111–26. Berlin, Heidelberg: Springer Berlin Heidelberg.  
Gardiner, J.M., Atema, J., Hueter, R.E., and Motta, P.J.. (2014). “Multisensory Integration and 
Behavioral Plasticity in Sharks from Different Ecological Niches.” Edited by Jan M. Hemmi. 
PLoS ONE 9 (4). Public Library of Science:e93036. 
45 
 
Gattuso, JP., and Buddemeier, R.W.. (2000). “Ocean Biogeochemistry. Calcification and CO2.” 
Nature 407 (6802):311–13. 
Gattuso, JP., Hansson, L., Buck, E.H., and Fabry, V.J.. (2011). "Ocean Acidification". Eos, 
Transactions American Geophysical Union. Vol. 89. Oxford University Press Inc., New york.  
Gräns, A., Jutfelt, F., Sandblom, E., Jonsson, E., Wiklander, K., Seth, H., Olsson, C,. et al. (2014). 
“Aerobic Scope Fails to Explain the Detrimental Effects on Growth Resulting from Warming and 
Elevated CO2 in Atlantic Halibut.” Journal of Experimental Biology 217 (5):711–17.  
Green, L., and Jutfelt, F.. (2014). “Elevated Carbon Dioxide Alters the Plasma Composition and 
Behaviour of a Shark.” Biology Letters 10 (9):20140538–20140538.  
Guinotte, J.M., and Fabry, V.J.. (2008). “Ocean Acidification and Its Potential Effects on Marine 
Ecosystems.” Annals of the New York Academy of Sciences 1134 (1):320–42.  
Hand, S.C.. (1991). “Metabolic Dormancy in Aquatic Invertebrates.” In , Springer, Berlin, Heidelberg 
1991 pp: 1-50 
Heinrich, D.D.U., Rummer, J.L., Morash, A.J., Watson, SA., Simpfendorfer, C.A., Heupel, M.R., 
and Munday, P.L.. (2014). “A Product of Its Environment: The Epaulette Shark (Hemiscyllium 
Ocellatum) Exhibits Physiological Tolerance to Elevated Environmental CO2.” Conservation 
Physiology 2 (1):cou047-cou047. 
Heuer, R.M., and Grosell, M.. (2014). “Physiological Impacts of Elevated Carbon Dioxide and Ocean 
Acidification on Fish.” American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology 307 (9):R1061–84. 
Hoffmann, M., Hilton-Taylor, C., Angulo, A, Böhm, M., Brooks, T.M., Butchart, S.H.M., 
Carpenter, K.E., et al. (2010). “The Impact of Conservation on the Status of the World’s 
Vertebrates.” Science (New York, N.Y.) 330 (6010). American Association for the Advancement 
of Science:1503–9.  
Iconomidou, V.A., Georgaka, M.E., Chryssikos, G.D., Gionis, V., Megalofonou, P., and 
Hamodrakas, S.J.. (2007). “Dogfish Egg Case Structural Studies by ATR FT-IR and FT-Raman 
46 
 
Spectroscopy.” International Journal of Biological Macromolecules 41:102–8.  
IPCC, (2018). www.ar5-syr.ipcc.ch/topic_futurechanges.php. 19/12/2018 
Johnson, M.S., Kraver, D.W., Renshaw, G.M.C., and Rummer, J.L.. (2016). “Will Ocean 
Acidification Affect the Early Ontogeny of a Tropical Oviparous Elasmobranch ( Hemiscyllium 
Ocellatum )?” Conservation Physiology 4 (1):cow003.  
Kassambara, A., and Kosinski, M.. (2018). “Drawing Survival Curves Using ‘ggplot2’ [R Package 
Survminer Version 0.4.3].” Comprehensive R Archive Network (CRAN). 
Kleypas, J.A., Feely, R.A., Fabry, V.J., Langdon, C., Sabine, C.L., Robbins, L.L., Allemand, D., 
et al. (2006). “Impacts of Ocean Acidification on Coral Reefs and Other Marine Calcifiers: A 
Guide for Future Research Contributing Authors.” 
Knoll, A.H.. (2003). “Biomineralization and Evolutionary History.” Reviews in Mineralogy and 
Geochemistry 54 (1). GeoScienceWorld:329–56. 
Kroeker, K.J., Kordas, R.L., Crim, R., Hendriks, I.E., Ramajo, L., Singh, G.S., Duarte, C.M., and  
Gattuso, JP.. (2013). “Impacts of Ocean Acidification on Marine Organisms: Quantifying 
Sensitivities and Interaction with Warming.” Global Change Biology 19 (6):1884–96.  
Kroeker, K.J., Kordas, R.L., Crim, R.N., and Singh, G.G.. (2010). “Meta-Analysis Reveals Negative 
yet Variable Effects of Ocean Acidification on Marine Organisms.” Ecology Letters 13 (11). 
Wiley/Blackwell (10.1111):1419–34.  
Lowe, C. (2001). “Metabolic Rates of Juvenile Scalloped Hammerhead Sharks (Sphyrna Lewini).” 
Marine Biology 139 (3):447–53. 
Lüthi, D., Floch, M.L., Bereiter, B., Blunier, T., Barnola, JM., Siegenthaler, U., Raynaud, d., et al. 
(2008). “High-Resolution Carbon Dioxide Concentration Record 650,000–800,000 Years before 
Present.” Nature 453 (7193):379–82.  
Medina, M.H., Correa, J.A., and Barata, C.. (2007). “Micro-Evolution Due to Pollution: Possible 
Consequences for Ecosystem Responses to Toxic Stress.” Chemosphere 67 (11):2105–14.  
Melzner, F., Göbel, S., Langenbuch, M., Gutowska, M.A., Pörtner, HO., and Lucassen, M.. (2009). 
47 
 
“Swimming Performance in Atlantic Cod (Gadus Morhua) Following Long-Term (4–12 Months) 
Acclimation to Elevated Seawater PCO2.” Aquatic Toxicology 92 (1):30–37.  
Miller, D.D., Ota, Y., Sumaila, U.R., Cisneros-Montemayor, A.M., and Cheung, W.W.L.. (2018). 
“Adaptation Strategies to Climate Change in Marine Systems.” Global Change Biology 24 (1):e1–
14. 
Millero, F.J., Graham, T.B., Huang, F., Bustos-Serrano, H., and Pierrot, D.. (2006). “Dissociation 
Constants of Carbonic Acid in Seawater as a Function of Salinity and Temperature.” Marine 
Chemistry 100 (1–2). Elsevier:80–94.  
Morse, J.W., Andersson, A.J., and Mackenzie, F.T.. (2006). “Initial Responses of Carbonate-Rich 
Shelf Sediments to Rising Atmospheric PCO2 and ‘“ocean Acidification”’: Role of High Mg-
Calcites.”  
Munday, P.L.. (2014). “Transgenerational Acclimation of Fishes to Climate Change and Ocean 
Acidification.” F1000prime Reports 6. Faculty of 1000 Ltd:99.  
Munday, P.L., Crawley, N.E., and Nilsson,G.E.. (2009). “Interacting Effects of Elevated Temperature 
and Ocean Acidification on the Aerobic Performance of Coral Reef Fishes.” Marine Ecology 
Progress Series 388 (August):235–42. 
Nilsson,G.E., Crawley, N.E., Lunde, I.G., and Munday, P.L.. (2009). “Elevated Temperature 
Reduces the Respiratory Scope of Coral Reef Fishes.” Global Change Biology 15 (6). John Wiley 
& Sons, Ltd (10.1111):1405–12. 
NOAA, (2018). www.esrl.noaa.gov/gmd/ccgg/trends/. 19/12/2018 
Norin, T., Malte, H., Clark, T.D.. (2014). "Aerobic scope does not predict the performance of a tropical 
eurythermal fish at elevated temperatures." The Journal of experimental biology. The Company of 
Biologists Ltd.217: 244-51.  
Olaso, I., Velasco, F., Sánchez, F., Serrano, A., Rodríguez-Cabello, C., and Cendrero, O.. (2005). 
“Trophic Relations of Lesser-Spotted Catshark (Scyliorhinus Canicula) and Blackmouth Catshark 
(Galeus Melastomus) in the Cantabrian Sea.” Fishery Science 35:481–94.  
48 
 
Pelejero, C., Calvo, E., and Hoegh-Guldberg, O.. (2010). “Paleo-Perspectives on Ocean 
Acidification.” Trends in Ecology & Evolution.  
Pimentel, M.S., Faleiro, F., Diniz, M., Machado, J., Pousão-Ferreira, P., Peck, M.A., Pörtner, 
H.O., and Rosa, R.. (2015). “Oxidative Stress and Digestive Enzyme Activity of Flatfish Larvae 
in a Changing Ocean.” Edited by Zongbin Cui. PLOS ONE 10 (7). Public Library of 
Science:e0134082.  
Pimentel, M.S., Faleiro, F., Marques, T., Bispo, R., Dionísio, G., Faria, A.M., Machado, J., et al. 
(2016). “Foraging Behaviour, Swimming Performance and Malformations of Early Stages of 
Commercially Important Fishes under Ocean Acidification and Warming.” Climatic Change 137 
(3–4):495–509.  
Pimentel, M.S., Faleiro, F., Dionísio, G., Repolho, T., Pousão-Ferreira, P., Machado, J., and Rosa, 
R.. (2014). “Defective Skeletogenesis and Oversized Otoliths in Fish Early Stages in a Changing 
Ocean.” The Journal of Experimental Biology 217 (Pt 12). The Company of Biologists Ltd:2062–
70. 
Pörtner, H.O., and Farrell, A.P.. (2008). “ECOLOGY: Physiology and Climate Change.” Science 322 
(5902):690–92.  
Pörtner, H.O., Langenbuch, M., and Reipschläger, A.. (2004a). “Biological Impact of Elevated 
Ocean CO2 Concentrations: Lessons from Animal Physiology and Earth History.” Journal of 
Oceanography 60 (4):705–18.  
Pörtner, H.O., Langenbuch, M., and Reipschläger, A.. (2004b). “Biological Impact of Elevated 
Ocean CO2 Concentrations: Lessons from Animal Physiology and Earth History.” Journal of 
Oceanography 60:705–18. 
Randall, D.J., Baumgarten, D., and Malyusz, M.. (1972). “The Relationship between Gas and Ion 
Transfer across the Gills of Fishes.” Comparative Biochemistry and Physiology Part A: Physiology 
41 (3). Pergamon:629–37. 
Raven, J., Caldeira, K., Elderfield, H., and Hoegh-Guldberg, O. (2005). “Ocean Acidification Due 
49 
 
to Increasing Atmospheric Carbon Dioxide.” The Royal Society, no. June:68.  
Ries, J.B., Cohen, A.L., and McCorkle, D.C.. (2009). “Marine Calcifiers Exhibit Mixed Responses to 
CO2-Induced Ocean Acidification.” Geology 37 (12). GeoScienceWorld:1131–34.  
Roche, D.G., Binning, S.A., Bosiger, Y., Johansen, J.L., and Rummer, J.L.. (2013). “Finding the 
Best Estimates of Metabolic Rates in a Coral Reef Fish.” Journal of Experimental Biology 216 
(11):2103–10. 
Rosa, R., Baptista, M., Lopes, V.M., Pegado, M.R., Paula, J.R., Trübenbach, K., Leal, M.C., 
Calado, R., and Repolho, T.. (2014). “Early-Life Exposure to Climate Change Impairs Tropical 
Shark Survival.” Proceedings of the Royal Society B: Biological Sciences 281 (1793):20141738–
20141738. 
Rosa, R., Trübenbach, K., Pimentel, M.S., Boavida-Portugal, J., Faleiro, F., Baptista, M., Dionísio, 
G.,  Calado, R., Pörtner, H.O., and Repolho, T.. (2014). “Differential Impacts of Ocean 
Acidification and Warming on Winter and Summer Progeny of a Coastal Squid (Loligo Vulgaris).” 
Journal of Experimental Biology 217 (4). The Company of Biologists Ltd:518–25.  
Rosa, R., Pimentel, M.S., Galan, J.G., Baptista, M., Lopes, V.M., Couto, A., Guerreiro, M., et al. 
(2016). “Deficit in Digestive Capabilities of Bamboo Shark Early Stages under Climate Change.” 
Marine Biology 163 (3). Springer Berlin Heidelberg:60.  
Rosa, R., Rummer, J.L., and Munday, P.L.. (2017). “Biological Responses of Sharks to Ocean 
Acidification.” Biology Letters 13 (3). The Royal Society:20160796.  
Rosa, R, Trübenbach, K., Repolho, T., Pimentel, M.S., Faleiro, F., Boavida-Portugal, J., Baptista, 
M., et al. (2013). “Lower Hypoxia Thresholds of Cuttlefish Early Life Stages Living in a Warm 
Acidified Ocean.” Proceedings. Biological Sciences 280 (1768). The Royal Society:20131695.  
Rummer, J.L., Stecyk, J.A.W., Couturier, C.S., Watson, SA., Nilsson, G.E., and Munday, P.L.. 
(2013). “Elevated CO2 Enhances Aerobic Scope of a Coral Reef Fish.” Conservation Physiology 
1 (1):cot023-cot023.  
Rummer, J.L., and Munday, P.L.. (2017). “Climate Change and the Evolution of Reef Fishes: Past 
50 
 
and Future.” Fish and Fisheries 18 (1). Wiley/Blackwell (10.1111):22–39.  
Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wanninkhof, R., et al. 
(2004). “The Oceanic Sink for Anthropogenic CO2.” Science (New York, N.Y.) 305 (5682). 
American Association for the Advancement of Science:367–71.  
Sarazin, G., Michard, G., and Prevot, F.. (1999). “A Rapid and Accurate Spectroscopic Method for 
Alkalinity Measurements in Seawater Samples.” Wat. Res. 33 (1):290–94. 
Spicer, J.I., Raffo, A., and Widdicombe, S.. (2007). “Influence of CO2-Related Seawater 
Acidification on Extracellular Acid–base Balance in the Velvet Swimming Crab Necora Puber.” 
Marine Biology 151 (3). Springer-Verlag:1117–25. 
Steffensen, J.F.. (1989). “Some Errors in Respirometry of Aquatic Breathers: How to Avoid and 
Correct for Them.” Fish Physiology and Biochemistry 6 (1):49–59.  
Therneau, T.M. (2014). “Survival Analysis [R Package Survival Version 2.42-6].” Comprehensive R 
Archive Network (CRAN). 
Ultsch, G.R., and Jackson, D.C., (1996). “PH and Temperature in Ectothermic Vertebrates.” Bulletin 



















Figure 19 - Time-related changes (days) in Fulton condition Index (K) of juvenile sharks (Scyliorhinus canicula) 
under control (c-c: control to control) and acidification conditions (c-a: control during embryogenesis and acidification after 
hatching; a-a: acidification during embryogenesis and after hatching). 
 
 
